Abstract The development of novel immune-based therapeutics for neurodegenerative diseases is an area of intense focus. Neurodegenerative diseases represent a particular challenge since in many cases the onset of symptoms occurs after considerable degeneration has ensued. Based on human genetic and histopathological evidence from patients with neurodegenerative diseases, animal models that recapitulate specific pathologic features have been developed. Utilizing these animal models in combination with viral vector-based gene therapeutics, specific epochs of disease can be targeted. One common feature of several neurodegenerative diseases is misfolded proteins. The mechanism by which these altered protein conformers lead to neurodegeneration is not completely understood but much effort has been put forward to either degrade aberrant protein or prevent the formation of misfolded conformers. In this review, we will summarize work that employs viral vector gene therapeutics to modulate the brain's response to misfolded proteins with a specific focus on neurodegeneration.
Introduction
Neurodegenerative diseases present a therapeutic challenge owing to the privileged environment afforded by the bloodbrain barrier as well as delayed recognition of progressive diseases that begins insidiously. Most neurodegenerative diseases are diagnosed only after substantial neuronal or synaptic loss has occurred; thus precluding effective recovery and making symptomatic improvements transient. Neurodegenerative disorders have no cure and, for the majority of conditions, the causative agent(s) or etiologic factors are unknown. Therefore, most therapies are oriented toward symptomatic relief. A future in which disease progression can be managed mandates that neurodegenerative diseases be detected early and their mechanistic bases be understood; this includes the expansion of focused gene therapeutic approaches for restoration of function (MaguireZeiss and Federoff 2004; Maguire-Zeiss et al. 2007) .
Gene therapy encompasses the delivery of genes to enhance function, to modulate disease progression, and/or to replace a defective gene. In the case of neurodegenerative diseases, enhancing neuronal function or "teaching old neurons new tricks" is exemplified by the use of nerve growth factor (NGF) for Alzheimer's disease (AD) therapy. NGF is a member of the neurotrophin family and was the first nervous system growth factor identified (Levi-Montalcini and Hamburger 1951) . Direct infusion of NGF into animals proved useful for the prevention of neuronal loss following lesion or traumatic injury, for promotion of neurite outgrowth, and for the reversal of age-related atrophy of basal forebrain cholinergic neurons (Hefti et al. 1984; Hefti 1986; Williams et al. 1986; Fischer et al. 1987; Kromer 1987; Sofroniew et al. 1990; Tuszynski 2007) . Methods were then developed for ex vivo and in vivo gene therapy in an attempt to both target and restrict NGF expression to the appropriate brain regions. Clinical trials using ex vivo Moloney leukemia retrovirus encoding human nerve growth factor (MLV-NGF) transduced autologous fibroblasts that secrete NGF following stereotaxic neurosurgical implantation demonstrated safety while efficacy trials will require a larger number of subjects (Tuszynski and Gage 1990; Tuszynski 2007) . Likewise, in vivo gene therapy using recombinant adeno-associated virus (rAAV) encoding NGF has been developed and a phase I clinical trial is underway (Bishop et al. 2008) . In both cases, the expected outcome is a trophic response in cholinergic neurons with the attendant augmentation of cholinergic axon sprouting. Since these therapies rely on the presence of functioning neurons and do not address the disease mechanism, the effectiveness will likely wane as neurons succumb to the disease process. However, for slowly progressive age-related neurodegenerative diseases, gene therapy aimed at slowing disease elaboration can provide important symptom palliation and convert a fatal disease into a chronic disorder.
Curing disease is the fundamental goal of clinical medicine, and the field of gene therapy is focused in that direction. Replacement of a defective gene to cure disease is the ultimate objective of several gene therapeutic approaches. Perhaps the most well-known replacement gene therapy study was the targeting of severe combined immunodeficiency-X1 (SCID), an X-linked inherited disorder (Cavazzana-Calvo et al. 2000) . Using a defective γc (IL2RG) Moloney retrovirus-derived vector combined with ex vivo infection of autologous CD34 + cells, the SCID phenotype was cured in nine out of the ten initially treated patients. However, enthusiasm for gene therapeutic approaches was dampened when several children developed acute lymphocytic leukemia presumably due to proviral integration within the LMO-2 gene locus which had previously been associated with human T cell acute lymphocytic leukemia (Rabbitts et al. 1999; Hacein-BeyAbina et al. 2003) . In spite of this adverse effect, the field is moving forward with cautious optimism.
In this review, we highlight the potential use of immunedirected gene therapeutic approaches to three neurodegenerative disorders with the common hallmark of misfolded toxic protein conformers: AD, prion disease, and Parkinson's disease (PD). Targeting toxic protein conformations is an emerging field of neurotherapeutics and has broad applicability for other disorders as well. Specifically, we discuss the use of two viral-based systems, helper-free herpes simplex virus (HSV) amplicons and rAAV vectors, for the delivery of genes to engender a constructive immune response aimed at reducing toxic protein burden. Although this review does not cover issues regarding tropism and immunogenicity, both HSV amplicons and rAAV vectors hold promise for human gene therapy trials because of their low immunogenicity and tropism for specific cell types (Olschowka et al. 2003; Burger et al. 2004; Shevtsova et al. 2005; Cuchet et al. 2007; Taymans et al. 2007; Cearley et al. 2008; Mochizuki et al. 2008; Ulusoy et al. 2008) .
Neuroimmune gene therapy for Alzheimer's disease AD is an age-related neurodegenerative disorder typified by progressive functional decline in executive functions leading to dementia and ultimately death (Yankner et al. 2008) . Although symptoms vary considerably between patients, most often, affected individuals first present to the clinic with the most common symptom: difficulty remembering recently learned information. The memory impairment progresses until patients are unable to attend to activities of daily living and eventually die. In addition to symptoms associated with memory loss, some patients display neuropsychiatric manifestations including aggression and delusions. This broad-spectrum disorder is individualized with patients progressing at varying and unpredictable rates. Currently, there is no known etiology or cure for sporadic AD and, as the current population ages, it remains an enormous public health concern. Pathological evidence reveals that this disease is typified by the loss of cholinergic neurons and the presence of extracellular amyloid β (Aβ) plaques and tauenriched neurofibrillary tangles (Hardy et al. 1998) . Aβ deposits arise from amyloid precursor protein (APP) following a succession of protease-specific cleavages resulting in the small Aβ peptide (Hardy and Allsop 1991; Selkoe 1996; Hardy 1997; Hardy et al. 1998 ). Aβ following a nucleation event forms oligomers and finally the hallmark extracellular plaques and is thought to be responsible for the subsequent loss of cholinergic function.
Currently, most clinical therapeutic approaches for AD utilize cholinesterase inhibitors to manage symptoms by increasing cholinergic tone as well as other cognition enhancers (Bartus et al. 1982; Grutzendler and Morris 2001; Barten and Albright 2008) . New potential areas for therapeutics are focused on decreasing the amount of toxic Aβ through inhibition of the pathogenic APP cleavage and, more recently, by vaccination approaches (Morgan et al. 2000; El-Amouri et al. 2008; Nalivaeva et al. 2008; Wolfe 2008) . Immunotherapy is based on two general vaccination approaches, active and passive immunization (Brody and Holtzman 2008) . Active vaccination requires exposure to the target antigen and production of antigen-specific antibodies following the activation of the cellular limb of the immune system. In contrast, for passive vaccination, the antibody or antibody-encoding gene is delivered directly, independent of cell-mediated immune activation. For neurodegenerative diseases, the goal of both vaccination approaches is an antibody-directed reduction in the amount of toxic misfolded protein and amelioration the disease.
The first report utilizing active immunization with aggregated Aβ in a mouse model of AD was met with great enthusiasm as this approach resolved the AD-like plaque pathology (Schenk et al. 1999 ; for review, see Brody and Holtzman 2008) . Others soon demonstrated an attenuation of behavioral deficits as well as changes in plaque burden with behavioral improvements occurring even when aggregated Aβ was still present (Hsiao et al. 1996; Janus et al. 2000; Morgan et al. 2000; Chishti et al. 2001) . These studies showed that behavioral improvement could be dissociated from complete elimination of plaque burden suggesting that vaccination might be successful if only a proportion of the Aβ plaque was removed. Alternatively, elimination of another pool of Aβ such as soluble (nonplaque-associated) Aβ might be responsible for the improved function in these treated animals. In either case, active vaccination with human aggregated Aβ (AN1792) and adjuvant soon moved into a phase I human clinical trial where safety, tolerability, and immunogenicity were confirmed (Bayer et al. 2005) . Later, during the phase II clinical trial, adverse effects became evident with 6% of immunized patients developing aseptic meningoencephalitis and the trial was suspended. However, upon clinical examination of recruits, there was a trend toward decreased cognitive decline in the antibody responder group (19.7% patients) and a decrease in Aβ deposits in the brain's of the few patients that had come to autopsy (Nicoll et al. 2003; Gilman et al. 2005; Bombois et al. 2007; Klunk et al. 2007; Petrushina et al. 2007; Brody and Holtzman 2008) . These data gave hope that a vaccine approach for the treatment of AD was achievable. However, it was apparent that modulation of the immune response was needed since the AN1792 approach was not intended to modulate the type of immune response elicited.
The mechanism of removal of Aβ plaques following conventional peptide and adjuvant vaccination is not completely understood. On one hand, following immunization, a humoral response could ensue, efficiently clearing Aβ from the brain to the peripheral blood (DeMattos et al. 2001; Federoff and Bowers 2005) . Conversely, anti-Aβ antibody fragment crystallizable (Fc) receptor-mediated activation of microglia could engender a phagocytotic response dissolving the Aβ plaques (Bard et al. 2000) . It is possible that these two mechanisms act in collaboration to effect the immune response. Furthermore, Aβ is a selfpeptide thus requiring coadministration of an adjuvant to elicit a strong immune response to break tolerance. This then begs the question: could Aβ active vaccination lead to an autoimmune condition? Furthermore, are varied responses to Aβ vaccination due to the underlying inflammatory state of the AD brain? The current vaccination approach would be considerably improved with the use of technologies that target and activate desired subsets of immune cell populations in an effort to increase degradation of Aβ while dampening deleterious CNS proinflammatory events .
The causes of the adverse effects from the AN1792 vaccination trial are unclear. Presumably, when the fibrillar Aβ and coadministered adjuvant were taken up by antigenpresenting cells (APC) with the concomitant activation of the major histocompatibility complex II (MHC II) pathway and T cell engagement, the resultant adaptive immune response proceeded through the T cell helper 1 (T H 1)-dependent pathway. The T H 1 pathway led to the production of a subset of cytokines and chemokines (interferon-γ) that engendered B cell production of IgG2b-type anti-Aβ antibodies and perhaps activation of Aβ-specific cytotoxic T lymphocytes (CTL) resulting in a substantial and unwanted proinflammatory response. This activation of the cellular immune response could result in a dangerous perpetuating autoimmune response. The ideal Aβ-based vaccine would stimulate an immune response specifically against pathogenic Aβ devoid of cytotoxic T cell involvement resulting in dissolution of Aβ-containing aggregates without potentiation of brain inflammation. In essence, a vaccine that modulates the immune response to engender the humoral T H 2 pathway leading to production of cytokines (i.e., interleukin-4) that do not promote inflammation and B cell-derived IgG1-type anti-Aβ antibodies decreasing the overall encephalitic potential .
Modulating the immune system requires the delivery of genes or proteins that will be efficiently presented to effect the desired immune response. The HSV amplicon represents a versatile plasmid-based vector platform with a large insert payload (∼130 kb) and capable of efficient delivery of genes including immunomodulatory genes (Kutubuddin et al. 1999; Maguire-Zeiss et al. 2001; Tolba et al. 2001 ). In addition, HSV amplicons can transduce a number of cell types and, as such, they have proven to be multifunctional immunogens. Following HSV amplicon transduction of host stromal cells (i.e., fibroblasts), these peripheral cells provide a source of large amounts of antigen which, once released, are then cross-presented by professional DCs. In addition, HSV amplicons can directly transduce APC (DC) providing an efficient means of initiating an immune response (Santos et al. 2007) . DCs migrate to the lymph nodes and efficiently present antigen to T cells. In addition, following migration to the lymph nodes, DCs can undergo apoptosis releasing antigen providing another source for cross priming. The overall result is efficient activation and expansion of T cells.
Employing HSV amplicon technology, Bowers and Federoff inoculated transgenic mice expressing mutated APP (Tg2576) with HSV amplicons encoding either Aβ 1-42 (HSVAβ) or Aβ 1-42 fused with the molecular adjuvant tetanus toxin Fragment C (HSVAβ/TtxFC) . TtxFC was employed because it had been shown to enhance the immunogenicity and skew the immune response toward the humoral T H 2 pathway (Lu et al. 1994) . The Tg2576 mice vaccinated with HSVAβ/TtxFC generated IgG1 antibodies consistent with T H 2 activation compared with HSVAβ-vaccinated mice which initially expressed IgM antibodies followed by IgA isotypes . Overall, the HSVAβ/TtxFC-inoculated mice exhibited a humoral response to Aβ and reduced CNS Aβ deposits. However, the HSVAβ vaccine resulted in a surprising and marked increase in brain inflammation with upregulation of proinflammatory cytokines (TNFα, INFγ) that was uniquely toxic; death occurred 1-2 weeks after the second inoculation . In a second study, this group further "shaped" the immune response by developing an HSV amplicon vector that expressed both Aβ and the pro-T H 2 cytokine, interleukin-4 (IL-4; HSV IE Aβ CMV IL-4) (Frazer et al. 2008) . In these studies, triple-transgenic AD mice (3xTg-AD) were employed since they develop both amyloid and neurofibrillary tangle pathology (Oddo et al. 2003) . Animals inoculated with HSV IE Aβ CMV IL-4 demonstrated an increased T H 2 response (more expression of IgG1 anti-Aβ antibodies), improved performance on a memory task, prevention of Aβ plaques, and decreased phosphorylated tau compared with nonvaccinated controls and animals vaccinated with HSV amplicon expressing Aβ alone (Frazer et al. 2008) . The strength of this technology is evidenced by the codelivery of IL-4, which efficiently differentiated CD4 + T cells into the T H 2 lineage. These data demonstrate the usefulness of HSV amplicons with their large DNA capacity to deliver multiple genes that modulate the immune response engendering a T H 2 humoral response in the absence of apparent deleterious proinflammatory events. DNA delivery to modulate immune response is a therapeutic goal for many diseases portending the broad usefulness of HSV amplicon technology. For example, in multiple sclerosis (MS) clinical trials, DNA vaccination against myelin basic protein is being employed to tolerize in an antigen-specific manner and dampen the autoimmune process (Garren 2008; Garren et al. 2008) . This therapy might be even more efficacious if the myelin basic protein DNA is codelivered with modulators of the T H 1 response via HSV amplicon technology allowing for a more flexible modulation of the immune response.
Passive immunotherapy is also being investigated as a possible treatment for AD. First attempted with the direct infusion of monoclonal antibodies against Aβ into transgenic mouse models of AD, these studies demonstrated clear behavioral improvement that was again not directly linked to loss of aggregated Aβ (for review, see Brody and Holtzman 2008; Bard et al. 2000; DeMattos et al. 2001; Dodart et al. 2002; Kotilinek et al. 2002) . It is possible that these antibodies recognize the unstable yet highly toxic oligomeric form of Aβ. An important safety concern that emerged from these rodent studies was the increased development of cerebral hemorrhages due to cerebral amyloid angiopathy (CAA) in antibody-treated APP transgenic mice (Pfeifer et al. 2002; Wilcock et al. 2004b; Racke et al. 2005) . Another central issue is whether behavioral impairments in mouse models of AD accurately reflect AD patient behavioral deficits, advocating that therapies developed in rodent models require stepwise, careful studies in nonhuman primate models prior to clinical trial investigation. Extending similar therapies to other disease models will provide critical additional information regarding safety and efficacy. For instance, AD immunotherapies are being extended to other diseases with extracellular amyloid deposits. An example is age-related macular degeneration (AMD), a progressive retinal disease with similar AD pathological features including Aβ deposits where Ding et al. (2008) have demonstrated that systemic administration of anti-Aβ antibody resulted in decreased Aβ deposits in the retina and brain of an AMD mouse model.
Passive immunotherapy is not limited to monoclonal antibodies as demonstrated by Bacskai et al. (2002) following in vivo application of F(ab′)2 fragments of an anti-Aβ antibody which retains the antigen-binding site without the Fc receptor-mediated activation of microglia and macrophages resulting in a 45% clearance of Aβ deposits. However, Wilcock et al. (2004a, b) , using F(ab′)2 fragments from a different antibody, failed to clear dense plaques but rather reported a reduction in diffuse plaque clearance. The use of the complete IgG demonstrated efficient removal of fibrillar Aβ with concomitant activation of microglia suggesting that, in this case, microglial activation may be critical for plaque clearance (Wilcock et al. 2004a) . The success of a subset of F(ab′)2 fragments portends the usefulness of another modified antibody technology, single-chain antibodies which are discussed in the prion disease and PD sections of this review.
Passive vaccination as a gene therapy for the treatment of prionoses
Prionoses are a group of invariably fatal diseases commonly referred to as transmissible spongiform encephalopathies (TSE) and typified by the conversion of a cellular prion protein (PrP C ) into a misfolded toxic protein (scrapie form; PrP Sc ). TSE exist as both familial and sporadic forms. The human variants include kuru, Creutzfeldt-Jakob disease (iatrogenic, new variant, familial, and sporadic CJD), Gerstmann-Straussler-Scheinker disease, fatal familial insomnia, and sporadic fatal insomnia while a number of other mammals are affected by the most well-known including scrapie (sheep), bovine spongiform encephalopathy (cattle), and chronic wasting disease (mule deer and elk; reviewed in Prusiner 2001) . Each TSE has varied clinical and pathological features; however, the common thread is the conversion of PrP C to PrP Sc that propagates the disease. There are no available treatments for TSEs.
The conversion of PrP C to PrP Sc is incompletely understood but is believed to occur through direct interaction of the PrP Sc with the PrP C . This is the first group of diseases identified that is propagated by protein-protein interactions and completely devoid of nucleic acids (Prusiner 2001 ). PrP C is enriched in both the lymphoreticular and central nervous system and is tethered to the extracellular surface of cells where it is available to interact with PrP Sc and be converted to the pathological conformation. The extracellular location of PrP C portends the potential use of passive antibody therapy. Anti-PrP C antibody interaction with the cellular prion protein could prevent the conversion to PrP Sc or alternatively enhance degradation of PrP C , in both cases depleting the pool of PrP C resulting in an overall decrease of the toxic protein. Enari et al. (2001) demonstrated that monoclonal antibodies against PrP C were capable of preventing PrP Sc formation in susceptible cell lines demonstrating that loss of PrP C can disrupt disease propagation. Prionoses antibody therapy has been extended to single-chain antibodies (scFv) which are engineered antigen-binding molecules comprised of antigen-binding variable heavy (V H ) and light (V L ) chains linked by a small synthetic flexible peptide linker maintaining an active antigen-binding site (Malone and Sullivan 1996; Haidaris et al. 2001) . scFvs are small polypeptides (∼25 kDa) for ready tissue penetration and produced from a single coding sequence so they can undergo facile molecular manipulation for expression from a variety of viral vectors. With this in mind, the monoclonal antibody employed by Enari et al. (2001) was converted to a scFv and found to be capable of binding PrP C and of efficient clearing of PrP Sc in cultured cells (Donofrio et al. 2005) . A clinically relevant gene therapeutic passive immunization approach to prion disease requires long-term antibody expression if the mechanism of action is dependent upon direct binding of the antibody with cellular prion (PrP C ). With this in mind, Wuertzer et al. (2008) utilized recombinant adeno-associated virus type 2 (rAAV2) delivery of anti-PrP C scFvs in a mouse model of TSE. rAAV was chosen because this vector is nonpathogenic to humans and demonstrates long-term expression with no discernable inflammatory side effects (Rabinowitz and Samulski 2000; Maguire-Zeiss and Federoff 2004) . Three novel anti-PrP C scFvs were identified following screening of a phagemid library of human scFvs with PrP C (Malone and Sullivan 1996; Wuertzer et al. 2008) . In addition, a scFv version of D18, a previously identified Fab antibody capable of reducing PrP
Sc burden, and a control scFv were utilized (Malone and Sullivan 1996; Peretz et al. 2001) . All scFvs contained a murine immunoglobulin κ-secretory signal for efficient secretion following rAAV delivery. Mice were intracerebrally administered the rAAVscFv vectors (9×10 9 expression units, bilaterally), subsequently challenged with peripherally delivered infectious prions, and evaluated for therapeutic efficacy. rAAV-expressed anti-PrP C scFvs delayed the onset of prion pathogenesis as measured by clinical evaluation, rotarod performance, and decreased PrP Sc burden (Wuertzer et al. 2008) . The anti-PrP C scFvs with the highest affinity for the cognate antigen as measured by surface plasmon resonance was scFvD18 (bound PrP C 14 times more tightly than the other scFvs tested), which was also the most therapeutically effective. However, there was no direct correlation with binding affinity as one scFv was capable of binding PrP C but had no therapeutic effect suggesting that epitope-specific interactions are also important for efficacy. The therapeutic effects seen with a subset of anti-PrP scFvs implies that, once secreted, these scFvs were available to bind PrP C and prevent its misfolding into the toxic proteinase K-resistant PrP Sc . While this treatment delayed the onset of disease, it was not curative, making clear the need for improvements. These might include enhancement of rAAV vector delivery to increase the number of transduced cells and, therefore, the total amount of secreted scFv, scFv maturation to augment antibody binding affinity, and viral titer optimization. However, these preliminary studies highlight the potential usefulness of the rAAV vector platform in combination with anti-PrP C scFvs for future prion immunotherapeutics.
Single-chain antibody-directed gene therapy for Parkinson's disease
PD is an incurable age-related progressive neurodegenerative disorder with invariant loss of substantia nigra dopamine neurons (DANs). The loss of the neurotransmitter dopamine (DA) results in the common clinical motoric features of the disease including resting tremor, bradykinesia, rigidity, and postural instability. Hallmark pathological features of the disease include dystrophic projections to the striatum, intracytoplasmic protein inclusions called Lewy bodies, and activated microglia in addition to the paucity of DANs (McGeer et al. 1988; Spillantini et al. 1997 Spillantini et al. , 1998 Ouchi et al. 2005; McGeer and McGeer 2008) . The etiology of sporadic PD is not known but the role of the presynaptic protein α-synuclein (SYN) has been implicated by many as a contributor to pathogenesis (Maguire-Zeiss and Federoff 2003) . The normal function of SYN is unknown but because it is enriched in presynaptic terminals, binds lipid membranes, and is upregulated during song learning in zebra finches, it is hypothesized to be important for synaptic plasticity (George et al. 1995; Sidhu et al. 2004b; Bonini and Giasson 2005) . The toxicity associated with SYN in human disease as well as in animal and cell models of PD points to protein misfolding as an important disease mediator. SYN lacks a secondary structure and readily misfolds into toxic oligomeric conformations consisting of β-sheets when exposed to changes in pH, molecular crowding, oxidative stress, and interactions with highly reactive molecules such as dopamine (Souza et al. 2000; Paxinou et al. 2001; Uversky et al., 2001a, b, c; Li et al. 2004; Rochet et al. 2004; Cappai et al. 2005; Maguire-Zeiss et al. 2005; Fink 2006; Maguire-Zeiss et al. 2006; Moussa et al. 2008 ). The specific mechanism by which SYN oligomers promote toxicity is not wellunderstood but is thought to involve a toxic gain of function perhaps by increasing cellular oxidative stress, engendering microglial activation, or forming annular pores in membranes disrupting cell function (Conway et al. 2000 (Conway et al. , 2001 Volles et al. 2001; Su et al. 2008) .
Current PD therapies are aimed at augmenting DA production, increasing the half-life, or altering downstream neurotransmitter systems to mitigate the effects of the dopaminergic cell loss (Maguire-Zeiss et al. 2007 ). Similar to AD and TSE, we suggest that future PD therapy should include viral vector-based antiprotofibril therapies, specifically, modalities aimed at decreasing the amount of toxic oligomeric protein. In the case of PD, diminished SYN oligomers could be attained by the reduction of the amount of monomeric SYN that evolves to toxic oligomers, by the elimination/degradation of toxic SYN oligomers, or by an acceleration of the conversion from oligomers to higherorder yet purportedly less-toxic aggregates. We propose that passive immunotherapy is a viable approach for PD, but it is important to note that the toxic protein, SYN, is almost exclusively an intracellular protein as opposed to Aβ, which is extracellular, or PrP C , which is tethered to the outside surface of cell membranes. However, as the function of SYN is not completely understood and, in culture models of SYN overexpression this protein is released, the existence of extracellular SYN and its role should not be discounted (Lee et al. 2005; Su et al. 2008) .
Gene-directed immunotherapy that targets cytoplasmic SYN can be accomplished utilizing intracellular scFv also called intrabodies, which are scFv produced for cytoplasmic expression. Intrabodies are powerful molecular tools as they can be directed to defined subcellular compartments and are amenable to viral vector delivery. These therapeutic agents have been applied to a variety of disease models including infectious diseases, cancers, and neurodegenerative diseases (for review, see Kontermann 2004) . Several laboratories including our own have isolated scFv that bind to specific regions of SYN Zhou et al. 2004; Maguire-Zeiss et al. 2006; Emadi et al. 2007; Lynch et al. 2008) . Emadi et al. (2004) were the first to identify human scFv against SYN that inhibited the rate of protein aggregation and the formation of SYN oligomers in a cell-free system. Further analysis of an anti-SYN intrabody (D10) in a cell culture model demonstrated intracellular binding of SYN, stabilization of detergent-soluble SYN with concomitant reduction in detergent-insoluble SYN as well as amelioration of SYN-induced cell morphological abnormalities (Zhou et al. 2004) .
Using monomeric, aggregated, and dopamine-modified SYN, we interrogated a human scFv phage display library for sequence and conformation-specific anti-SYN binders (Maguire-Zeiss et al. 2006) . We identified one anti-SYN scFv that specifically recognized a region within the nonamyloid component (NAC) of SYN, an area important for β-sheet oligomeric SYN formation (scFv3; amino acids 71-85) (Maguire-Zeiss et al. 2006) . Another recently identified NAC-specific scFv when expressed as an intrabody reduced intracellular SYN aggregation and toxicity which bodes well for the use of this class of scFv as therapeutic agents (Lynch et al. 2008) . We also identified two additional scFv that bind to the C terminus of SYN (scFv14 recognizes amino acids 106-120 and scFv15 recognizes amino acids 117-131) (Maguire-Zeiss et al. 2006) . Upon Western blot analyses of monomeric and aggregated SYN, scFv15 recognized monomeric SYN as well as SYN species ∼≥200 kDa but did not interact with smaller oligomers. In contrast, scFv3 recognized SYN conformers that range in size from 16 to ≥250 kDa including intermediate oligomeric forms. Emadi et al. (2007) recently identified an oligomer-specific anti-SYN scFv that both inhibited SYN aggregation and toxicity following treatment of SH-SY5Y with extracellular aggregated SYN that was treated with the oligomer-specific scFv. What remains to be determined is the effectiveness of these intrabodies in animal models of PD.
The exact role that SYN plays in the death of DANs is not completely understood nor is the unique susceptibility of these neurons in PD. Genetic and environmental models of PD suggest that an interplay between SYN and mediators of oxidative stress play an important part in the development of PD (Maguire-Zeiss and Federoff 2003; Perez and Hastings 2004; Sidhu et al. 2004a, b; MaguireZeiss et al. 2005 ). Since SYN is enriched in presynaptic DA terminals and DA is a highly reactive molecule capable of forming a quinone that readily modifies SYN engendering a misfolded state, it follows that methods to prevent DAinduced SYN misfolding could be novel therapeutic agents (Conway et al. 2001; Maguire-Zeiss et al. 2006) . With that in mind, we sought to identify scFv that would recognize DA-modified SYN. Following panning of the human scFv phage display library with DA-modified SYN, we identified one scFv that recognizes DA-modified proteins exclusively (scFv6; Maguire-Zeiss et al. 2006 ). This DA-specific binder does not recognize monomeric, aggregated SYN, linear peptide SYN sequences, or DA alone but does bind to DAmodified proteins. This data supports the concept that this scFv is conformation-specific rather than sequence-specific.
These scFv represent a renewable and potentially powerful set of reagents that could be used as both diagnostic and therapeutic agents. For example, utilizing conformation-specific scFv, cerebrospinal fluid (CSF) and blood from PD patients could be interrogated for specific SYN conformers. In support of this application, using commercially available monoclonal antibodies in an enzyme-linked immunosorbent assay method SYN has been identified in both human plasma and CSF Tokuda et al. 2006) . However, the anti-SYN scFv and anti-DA-modified SYN scFv discussed in this review represent a relatively inexpensive and renewable source of antibody with the potential to more easily discriminate different conformers of SYN. As mentioned in our TSE discussion, these scFv are easily manipulated for both intrabody and secreted production in mammalian cells. The PD field currently awaits the use of these novel scFv in animal models of PD to determine their efficacy as therapeutic agents. We have molecularly modified our anti-SYN scFv for intracellular expression from both HSV amplicon and rAAV vectors and are currently testing them in an animal model of PD. Fig. 1 Immunotherapy for neurodegenerative diseases. AD, TSE, and PD share a common hallmark pathobiologic feature of misfolded toxic proteins. In this review, we discuss the use of both active and passive vaccination approaches to decrease the amount of the toxic moieties. a Active vaccination utilizing HSV amplicon delivery of Aβ and IL-4 shaped the immune response toward T H 2 in a mouse model of AD decreasing the Aβ plaque levels (Frazer et al. 2008) . b Passive vaccination of scrapie-challenged mice with rAAVscFvPrPC decreased the PrP Sc burden and improved clinical and behavioral outcome measurements (Wuertzer et al. 2008) . c Anti-SYN scFv have been identified with preferential binding to monomeric and/or protofibrillar SYN conformers (Emadi et al. , 2007 Zhou et al. 2004; MaguireZeiss et al. 2006; Lynch et al. 2008) . Subsets of these scFv have demonstrable efficacy in preventing SYN aggregation Zhou et al. 2004; Emadi et al. 2007; Lynch et al. 2008) . In this schematic, we also consider scFv that may accelerate the formation of toxic oligomers to larger nontoxic aggregates
Conclusion
In this review, we discussed the use of active and passive immunization in animal models of neurodegenerative diseases highlighting work from our laboratory. The common thread for all of the neurodegenerative diseases presented is the presence of a toxic misfolded protein that seemingly drives the disease process. The misfolding pathway for each protein has not been completely elucidated but, in somewhat pedestrian terms, these proteins move from a monomeric or native conformation to an oligomeric protofibrillar toxic state finally to a large aggregate that is no longer toxic and in fact may be destined for degradation by cellular machinery (Fig. 1) . We have described several immunotherapeutic methods to interfere with this pathway. For example, active immunization of an AD mouse with an HSV amplicon encoding the Aβ antigen and pro-T H 2 cytokines dissolved the extracellular Aβ plaques and improved behavioral deficits in the absence of proinflammatory events (Fig. 1a) . While gene-directed passive immunization of a prion mouse with rAAV encoding secreted anti-PrP C scFv decreased the conversion to the misfolded pathogenic scrapie form of prion protein and improved clinical outcome measurements (Fig. 1b) . It remains to be determined whether delivering higher titers of rAAV will enhance the improved clinical outcome. Finally, several scFv directed at different forms of SYN have been identified and are capable of inhibiting aggregation. However, SYN is an interesting case because we can also imagine that scFv binding could result in accelerated aggregation of this protein since it is known to easily undergo conformational changes. Acceleration of SYN aggregate formation may actually prove to be protective since higher-order aggregates are posited to be nontoxic ( Fig. 1c ; Volles et al. 2001) . Therefore, in our outlined pathway of protein misfolding, a reduction in the toxic protofibril could be accomplished by decreasing the input (monomeric protein), increasing protofibril degradation perhaps by the binding of intrabodies that direct the protein to the proteosome, or accelerating the production of larger aggregates. The area of immunotherapy for neurodegenerative diseases is just emerging, but with continued improvements in viral vector-regulated gene expression, enhanced delivery techniques, and the advent of peripheral biomarkers for early detection of these devastating diseases, the future promises to be very exciting.
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